Summary. A pattern of geomagnetic fluctuations in central Australia shown by a magnetometer array with instruments spaced at distances of order 100 km has been investigated in detail by a follow-up study in south-west Queensland with array instruments at distances of order 20 km apart. On a regional scale the pattern is simple and two-dimensional, and is evidently correlated with the spatial distribution of highly conducting sediments in the Great Artesian Basin of eastern Australia. Numerical studies of induction in two-dimensional models of the basin structure adequately account for the magnitude and scale of the observed regional pattern of anomalous fluctuation fields.
The smaller scale array disclosed details in the regional pattern for which interpretation proceeds in terms of current concentration in an equivalent current sheet. This sheet represents the integrated current flow in the upper 5 km of the crust, the maximum permissible depth of such a sheet current. The interpreted current distribution can be only partly explained by the known structure of the basin. Additional conductive structures must be present either within the basin or immediately below the basin in the basement rocks.
Taking into account knowledge of a conductivity anomaly in southern Australia, it is hypothesized that a current channel may exist from north to south across the Australian continent, joining the Gulf of Carpentaria to the Southern Ocean.
Introduction
The interpretation of geomagnetic fluctuation observations traditionally divides into two classes: those based on a one-dimensional earth (either radially symmetric or flat and horizontally layered), and those which indicate that local geology departs from onedimensionality, and so is two-or three-dimensional.
The electromagnetic response of a one-dimensional earth is well known but the responses of general two-dimensional and three-dimensional earths are not calculable analytically unless simplifications are made; indeed the more complicated two-dimensional and especially three-dimensional cases are only tractable using numerical computer analysis. Nevertheless two-and thee-dimensional induction situations can be recognized when they occur by certain parameters derived from the fluctuation data (e.g. , and data from a magnetometer array will usually indicate whether induction has been observed over a structure of one, or more, dimensions, simply by the pattern of any anomaly observed.
Over the last 10 yr, particularly since the papers by Whitham & Andersen (1965) , Dyck & Garland (1969) and Porath & Dziewonski (1971) , increasing recognition has been given to the common occurrence of one particular aspect of three-dimensional induction, known variously as 'current channelling', 'current concentration' or 'current gathering'. This phenomenon is envisaged to occur when currents induced on a large, even global, scale flow locally in the region under observation essentially according to Ohm's law. Current channelling is perhaps one of the most simple results of three-dimensional induction, and also perhaps one of the most commonly observed. The flow of a uniform alternating current in a conductive channel according to Ohm's law requires that at least one transverse dimension of the conductor be less than its skin depth at the appropriate frequency. Under this condition the current flow is essentially 'quasi-direct'.
In this paper, current channelling is invoked to account for a distinctive geomagnetic fluctuation pattern found in south-west Queensland. Data from two magnetic variometer arrays are presented: a regional array in 1976 which discovered an anomaly particularly apparent in the vertical component of the fluctuation field, and a local array in 1977 whch examined this anomaly in detail.
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The observing sites Fig. 1 shows the observing sites referred to in this paper, which are also listed with their geographic coordinates and geomagnetic declinations in Table 1 . The 1976 array was initially sited to investigate the possibility of a northward extension to a conductivity anomaly found in southern Australia by the 1970 array (Cough, McElhnny & Lilley 1974) . As shown in Fig. l(b) , the 1976 array straddles the western margin of the Great Artesian Basin of eastern Australia: to the south-east the array is over Mesozoic sedimentary platform cover and to the north-west it is over much older Proterozoic cratonic blocks and early Palaeozoic intracratonic basins.
The 1977 array was sited to examine in more detail an anomaly disclosed in the southeast corner of the 1976 array. The 1977 stations were taken as far east as site D1 in Fig.  l(c) , in the hope of there recording a regional field remote from anomalous effects.
The instruments used in both array studies were the Cough-Reitzel variometers described by Lilley et al. (1975) . A variety of data were secured with both operations, many events being recorded successfully in all components by all instruments. The events recorded varied from pulsations with periods of about 1 min, to polar magnetic substorms of approximately 1 hr duration, to quiet daily variations with periods of up to 1 day. An interpretation of some of the data from the western part of the 1976 array has been given by Woods & LiUey (1979) , on the basis of one-dimensional geologic structure.
3 Vertical-field response arrows Fig. 2 shows vertical-field response arrows, both in-phase and quadrature, for all stations occupied in central Australia. The arrows have been estimated using standard least-squares procedures (Woods 1979 ) to obtain the best fit of a variety of recorded magnetic events to the relationship Z = A X t BY where all quantities are complex and may vary with frequency; X , Y and 2 are Fourier transforms of the records of the horizontal north, east and vertically-down magnetic fluctuation components. The parameters A and B should be governed only by the electrical conductivity structure of the earth within the 'induction area' of the observations (Lilley & Bennett 1973) . Arrows have been determined for a range of periods from 10 to 100 min; those for 50 min are shown in Fig. 2 as being representative of the range. At least four individual substorm events with widely differing horizontal source-field polarizations were used in the response arrow determinations. O b s e r v i n g s i t e s f o r t h e 1 9 7 6 a r r a y i n c e n t r a l A u s t r a l i a O b s e r v i n g s i t e s f o r t h e 1 9 7 7 a r r a y i n s o u t h w e s t Q u e e n s l a n d 
S t a t i o n
T H E 1976 A R R O W S
The 1976 in-phase arrows point to the south-east in a uniform pattern over a remarkably wide area, indicating that the strongest vertical-field fluctuations occur when the horizontalfield fluctuations are polarized north-west to south-east. This result indicates the presence of a good electrical conductor in the ground in the vicinity of the south-east part of the array, with its longitudinal dimension approximately at right angles to the direction of the arrows. One station (Al) in the extreme south-east of the 1976 array shows a reversal from the common in-phase arrow direction. Such a reversal implies that telluric current is concentrated between station A1 and the other 1976 stations, rather like a line current with a reversal in the vertical component of its magnetic field from one side of the line to the other. Isolated reversals are present, but the overall pattern is one of decreased arrow-length east of station D9, with some additional local variability of length and direction. This general pattern is more typical of the response over the edge of a conductive sheet (analogous perhaps with the pattern which would be observed by a common coast-effect traverse if it were continued out to sea) and does not fit a simple line current model.
In some cases the reversals and other sharp changes in arrow length or direction occur over distances of order 20 km. This length-scale indicates that the conductive structures causing these anomalous effects must be at depths of order 20 km or less. Furthermore, the zones of anomalous conductivity must be confined to lateral dimensions of the same scale or less, in order to account for the isolated nature of some of the anomalous arrows (cf. stations A1 and E4).
I N T E R P R E T A T I O N
The geographic pattern of vertical-field response arrows presented in Fig. 2 suggests electromagnetic induction in the sedimentary rocks of the Great Artesian Basin as their cause. Not only does the Artesian Basin have the basic geometry of a sheet, but the porous sedimentary rocks which form it have very low resistivities averaging from 1 to 20 ohm m. The Artesian Basin is known to shelve from its north-west margin deeper to the south-east, which may explain the wide areal extent of the pattern of 1976 arrows pointing south-east. Twodimensional induction in a basin model is presented in Section 4.
The second-order anomalies found by the 1977 array may be related to structures in the basement of the Artesian Basin. Indeed such features are known to be present from seismic and other geophysical exploration and to a first approximation appear to correlate with the anomalous vertical-field response arrows. For example the reversed arrow at station A1 is coincident with a well-documented basement structure referred to as the 'Betoota Dome' and marked on Fig. l(b) (the correlation is discussed further in Section 6).
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4 Inductive response of a two-dimensional basin model To test the hypothesis that electromagnetic induction in the conductive sediments of the Great Artesian Basin can account for the general pattern of the response arrows in Fig. 2 , two-dimensional modelling of the electromagnetic response of basin-shaped conductivity structures was carried out using computational procedures adapted from Jones & Pascoe (1971) and Pascoe & Jones (1972) . Fig. 3 shows two simple basin sections: the first with an abrupt edge, and the second with a shelving edge to approximate the western margin of the Great Artesian Basin, (an actual cross-section of the Great Artesian Basin is shown in Fig. 7 below). Electrical conductivities of the sedimentary and underlying basement rocks were obtained from surface resistivity, borehole resistivity, and magnetotelluric surveys reported by Whiteley & Pollard (1971) and Moore et al. (1977) (see also Middleton 1979) .
The results of such model computations (especially for the shelving model) are in agreement with the general pattern of the observed response from the 1976 array, giving comparable vertical-field amplitudes, in terms of a unit horizontal-field, as the vertical-field response arrows shown in Fig. 2(a) for both in-phase and quadrature cases. Thus twodimensional induction in the basin is adequate to account for the regional pattern of the observed fluctuation fields. However, two-dimensional induction in the basin does not account for the small-scale features shown by the 1977 arrows. Additional conductive structures must be present in the vicinity of these features, either within the basin sediments or within the basement rocks immediately below the basin. Rather than modelling more complex two-dimensional structures to find a fit to the anomalous fields, interpretation now proceeds by determining a pattern of quasi-direct currents which will give the observed magnetic fields (a recent discussion of this approach is given by Banks 1979). This procedure is adopted particularly as the 1977 data themselves exhibit some of the diagnostic features of current-channelling, as will now be demonstrated.
5 Detailed analysis of the 1977 array data
S T A C K E D P R O F I L E S
An example of the data recorded by the 1977 array is given in Fig. 4(a) , which shows the basic records of a substorm event reduced and resolved to geographic coordigates. The differing characteristics of the Z-traces such as the small response at stations D1 to D8, El and E2, and the reversal at station E4 can be seen to correspond with the arrow pattern of Fig. 2(b) . Fig. 4(b) shows the results of subtracting, from the records of Fig. 4(a) , the appropriate component as recorded at station D1. Station D1 is chosen as the best available estimate of the regional variation field as it is the most easterly station and so is most remote from the anomaly. The differences of Fig. 4(b) thus obtained are similar to the differences of Babour et al. (1976) and Babour & Mosnier (1977) , though the resolution of the instruments used here is less, and the distance over which the subtracted profile is taken as representing the regional field is greater.
D I F F E R E N C E P R O F I L E S
The differences in Fig. 4 (b) have varying amplitudes but essentially similar morphology, indicating that as anomalous signals they occur in-phase (or antiphase) everywhere across the 1977 array. Only one example is presented here but similar results hold for other events. As pointed out by Babour et al. (1976) , this natural separation of the anomalous fields into independent functions of space and time is a distinctive characteristic of channelled current.
H O D O G R A P H S
The horizontal components of the event shown in Fig. 4 are displayed as hodographs (traces of the horizontal fluctuation vector in map form) in Fig. 5 . Fig. 5(a) shows the full event plotted out, and Fig. 5(b) shows the differences of each station with station D1. The linear nature of the traces in Fig. 5(b) demonstrates the correlation between the horizontal components of the anomalous field. This correlation holds even though the X to Y amplitude ratio varies from station to station thereby changing the direction of the linear hodographs. The circular nature of the difference hodographs at the most northern stations may indicate the inadequacy of subtracting, as the regional field there, the field recorded at station D1.
The linear nature of the anomalous fields in Fig. 5(b) relative to the circular nature of the regional fields in Fig. 5(a) , and the fact that the same linear hodographs are produced by the anomalous fields of other events with different regional fields, is a further demonstration of the current channelling nature of the anomalous fields. The direction of each of the linear hodographs in Fig. 5 (b) can be taken as the orientation of the anomalous horizontal fields at the station, and its perpendicular is then the direction of anomalous current flow in the ground near that station.
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6 Current channelling analysis
A N O M A L O U S -F I E L D P R O F I L E S A C R O S S S T R I K E
Peak amplitudes relative to some arbitrary zero (commonly taken as the level at the start of the event) have been scaled off the difference records, as exemplified in Fig. 4(b) , for a number of events from the 1977 array. Such peak amplitudes are effectively simultaneous across the array, consistent with the anomalous fields being in-phase at all stations and in all components. Thus a measure of peak amplitudes gives a measure of the anomalous fields at some particular time.
The horizontal components of the anomalous fields have then been resolved to a set of axes parallel (and perpendicular) to the average direction of the linear, anomalous-field hodographs plotted for each event and exemplified in Fig. 5(b) . This direction, 25" south of Plotting these components, as well as the anomalous vertical fields, from stations D1 to D14 along the D-line produces profiles of the total horizontal ( Y ' ) and vertical (2) fields as shown in Fig. 6(a) . For a simple current flow in the X' direction, the X' magnetic field profile should be uniformly zero across the region; its increase in Fig. 6 (a) from south-east to north-west may be due to an increase of the regional field from south to north, typical of substorms originating in the southern auroral zone. The irregularity of the X' profile at station D9 may indicate a localized change of direction of the ground currents near that station, as is evident from the anomalous-field hodographs in Fig. 5(b) . As with the hodographs, different events produce similar results. The shapes of anomalous-field, across-strike profiles for other events in a period range from 10 min to 2 hr are effectively the same as depicted in Fig. 6(a) , with only the vertical scale changing. This observation indicates that to a first approximation the electric currents in the earth flow coherently through the 1977 array area, consistently in the same geographic positions and orientations, independent of source fields configuration and, to within the limits stated, independent of frequency. Fig. 4(a) . @) With the D1 records subtracted from each station as a regional field, as shown in Fig. 4(b) .
C U R R E N T I N V E R S I O N
The observations of Fig. 6(a) are now interpreted in terms of a steady current sheet flowing at some depth below the surface. The current sheet is considered to be flowing in the tX' direction (25' east of north) and to be comprised of a finte number of infinite-length current elements. The magnetic field above a single such current element can be calculated from the Biot-Savart law and the total horizontal or vertical field at any point on the surface can be expressed as a linear combination of all fields from all current elements. If the number of points, at which the total field is known, is greater than or equal to the number of current elements then a direct matrix inversion of the field will produce a distribution of current in the ground. (This procedure is discussed in more detail in Appendix A.)
The anomalous fields shown in Fig. 6 (a) were thus interpreted, and the resultant current distributions and their magnetic fields are shown in Fig. 6(b-e) . A number of different techniques were employed to produce smoothed or physically more significant solutions. Five of these techniques, which are described more fully in Woods (1979) , are:
(i) increasing the number of points for inversion by smoothed interpolation and extrapolation of the basic data points;
(ii) adjusting the baseline of the Z data by 3.5 nT to equalize the positive and negative areas of the Z-profde; (iii) considering current elements to be adjoining ribbons instead of separated lines, thus (iv) offsetting the current elements from the data points for a Z solution, as an element (v) smoothing each initial 'exact', but somewhat irregular, solution with a running mean.
Anomalous geomagnetic vaniztions
allowing smooth solutions to be found at shallow depths; makes no contribution to the Z field directly above it; and 6.3 R E S U L T S Current distributions have thus been obtained for model conducting sheets at different depths below the D-line traverse. As is to be expected from potential field theory, solutions at greater depths show sharper variations of current with distance across the traverse. For sheets at depths greater than 10 km reversed current is required in places to produce a fit to the observed vertical-field data along the D-line. Zones of reversed current are physically implausible, and so a maximum depth of order 10 km for such a current sheet solution is obtained. Since the anomalous field has greater variability along the E-line, as can be seen in Fig. 4(b) , the maximum depth of a reasonable (unidirectional) sheet current solution determined there is considerably less, of order 5 km. The current distributions shown in Fig. 6(b and d) have the same general form, but the vertical-field solution (Fig. 6d ) displays second-order features which are absent from the horizontal-field solution (Fig. 6b) . However, the vertical-field solution produces a better fit to the observed horizontal field, than the horizontal-field solution to the observed vertical field. Since the vertical field above a shallow concentration of current has wider lateral extent than the horizontal field, and since the vertical component can be either positive or negative depending on the position of observation, whereas the horizontal component is always positive, there is a greater probability of observing shallow concentrations of current density with the vertical component. Hence, the vertical-field solution is interpreted to be a truer representation of the actual current pattern in the ground: the horizontal solution represents a smoothed average. Localized changes in the direction of the sheet current, as seen by the difference hodographs in Fig. 5(b) , may have a minor effect on the current solutions but will not alter them substantially.
The general pattern of the current distributions shown in Fig. 6 may be reflecting the structure of the Great Artesian Basin as shown by the geological cross-section in Fig. 7 , particularly south-east of station D6. However , the greater current density between stations D6 and D12, and the second-order features of the vertical-field solution, cannot be accounted for by the basin alone. Additional conductors within or beneath the basin are causing currents to be concentrated in this part of south-west Queensland.
Some of the second-order details of the vertical-field current solution are correlatable to known structures in the basement rocks. In particular the sharp low in current density between stations D7 and D8, seen in Fig. 6(d) , lies along strike of the 'Betoota' basement dome at station Al, referred to in Section 3.3. The basement high does not completely pinch out the overlying current-carrying sediments but conductors at the flanks of the dome, due possibly to faulting, may gather current away from the top of the dome to beneath stations D6-D7 and D8-D9.
The peak in current density beneath stations Dll-D12 is approximately coincident with a basement structure known as the 'Boulia Shelf', as inferred from aeromagnetic data. This structure is thought to represent the faulted contact between Palaeozoic rocks to the east and Precambrian rocks to the west and is marked to the north by faulting in the overlying sediments. Gravity data from this part of south-west Queensland also show a linear feature parallel with the Boulia Shelf though offset to the south-east. Thls feature appears coincident with the peak in current at stations D8-D9 and has been interpreted as representing another thrust-faulted contact between two different rock types (Rumph 1978) .
Conclusion
The most straightforward interpretation of magnetometer fluctuation data recorded in south-west Queensland appears to be that magnetic activity induces a concentration of current to flow coherently through the Great Artesian Basin. Localized features of this current flow may reflect channelling of the induced currents into conductive structures in the basement rocks beneath the basin. Two-dimensional induction models of the Artesian Basin account for the general pattern of the observed anomalous magnetic fluctuations. Simple models of current flow in a twodimensional section of the basin sediments partly account for observed fields in south-west Queensland but do not explain the interpreted sharp concentrations of currents. Additional conductive structures in the basement rocks are required to explain these features.
The currents flowing across south-west Queensland may connect with the conductivity anomaly mapped by the 1970 array in southern Australia, and this conductor may in turn have an electrical link with the Southern Ocean (Garland 1975) . If, to the north of the 1977 array area, the position of current concentration continues to follow the western edge of the Artesian Basin then it will meet the seas north of Australia in the Gulf of Carpentaria. A current path may thus be completed right across the Australian continent, linking the oceans to north and south.
Surface measurements of telluric currents or magnetometer measurements in boreholes might provide valuable supplementary information, to the extent of providing some estimate of the current actually flowing in the sediments during a magnetic fluctuation event. Appendix A: direct matrix inversion of anomalous magnetic field profiles to obtain a sheet current distriiution
The direct inversion of anomalous magnetic fields to give a current distribution in the ground will generally produce a non-unique solution, due to the basic properties of magnetic potential fields. However, it is possible to make certain assumptions about the anomalous telluric currents and thereby apply restrictions which force a unique solution. The assumptions made in Section 6.2 of the paper above to interpret the anomalous magnetic fields in south-west Queensland are that (1) the anomalous currents are flowing everywhere in phase and so are quasi-direct, ( 2 ) the currents are strictly two-dimensional, and (3) the currents are concentrated in a single plane at depth d below the surface. The relevance of the first two assumptions is demonstrated in the paper and the third assumption is made upon the basis of the known geometry of the sedimentary-basin conductivity-structure in southwest Queensland. The assumed two-dimensional sheet current is considered to be composed of a number of current elements, all of infrnte length. The magnetic field above a single such current element can then be calculated by the Biot-Savart law B =-I--go I d l x r 4n r 2 where I dl is a small element of current, r is the position vector of the element relative to the observation point and B is the magnetic induction field. For a line element the horizontal and vertical components of the magnetic field on the ground surface, above a line current of strength I buried at depth d , are:
where y is the horizontal offset of the point of observation from the line current, and po is the permeability of free space. Generalizing to an arbitrary origin of position, so that y =yo -yi where yo is the observation position and yi is the line current position, and then normalizing by the depth so that p = yo/d and q = yi/d gives: Magnetic fields add vectorially hence the total horizontal magnetic field at any point on the surface (say at position p k as the kth point of n distinct observation points) can be expressed as a linear combination of all fields from all current elements, i.e.
where the horizontal field at point P k is due to the summed effects of m different current elements at positions qj, ( j = 1, 2,. . . , m). A similar expression holds for the vertical field observed at p k .
Given observations (or interpolations) of the actual horizontal field strengths By at different points pk, the equation immediately above then represents a system of linear equations which can be written in matrix notation as bk = A j k * Xj where A j k is an m x n coefficient matrix containing elements 1/[1 t ( p k -q j ) * ] , bk is a column matrix with (known) elements By(pk)2nd/po, and xi is the solution matrix containing the current elements Ij. If m < n the solution can be computed using a standard leastsquares matrix inversion algorithm. Thus current elements of strengths 4 are obtained which at depth d and horizontal positions qj account for the observed horizontal magnetic field strengths By(&) at surface positions p k ; and similarly for the interpretation of observed vertical magnetic field strengths.
